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Abstract
Quantum field theory (QFT) in classical spacetime has revealed interesting and puzzling aspects about
gravitational systems, in particular black hole thermodynamics and its information processing. Although
quantum gravitational effects may be relevant for a better understanding of these topics, a commonly
accepted framework for studying QFT with quantum gravitational effects is missing. We present a theory
for studying quantum fields in the presence of quantum indefinite causal structure. This theory incorporates
quantum properties of spacetime causal structure in a model independent way, and exposes universal features
of quantum spacetime which are independent of the details about its microscopic degrees of freedom (strings,
loops, causal sets...).
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I. INTRODUCTION
It should not be thought unreasonable that a black hole, which is an excited state of the
gravitational field, should decay quantum mechanically and that, because of quantum
fluctuation of the metric, energy should be able to tunnel out of the potential well of
a black hole. ... The real justification of the thermal emission is the mathematical
derivation given in Section 2 for the case of an uncharged non-rotating black hole. [1]
The above explanation of black hole radiation from Hawking’s classic 1975 paper reflects a deep
dilemma that troubles physicists till the present day. On the one hand quantum effects of spacetime
may well provide the crucial ingredient of understanding black hole thermodynamics, but on the
other hand when it comes to concrete derivations one has to descend to classical spacetime, due to
the lack of a commonly accepted framework to incorporate quantum gravitational effects.
In this essay we sketch (the details will appear elsewhere) a theory of quantum fields that
incorporates quantum gravitational effects in a model independent way. Unlike string theory, loop
quantum gravity, causal set theory etc. that posit new postulates about the microscopic structure
of quantum spacetime, the theory presented here does not invoke any assumption beyond what is
already contained in general relativity and quantum theory. In general relativity, spacetime causal
structure is dynamical. In quantum theory, dynamical degrees of freedom subject to quantum
uncertainties. Quantum gravity as a theory that combines quantum theory and general relativity
is thus expected to have indefinite causal structure [2, 3]. The theory we present incorporates
indefinite causal structure into quantum field theory (QFT).
The basic idea is to discard an underlying classical spacetime and encode the information of
spacetime causal structure in the field correlations.1 Inspired by similar constructions in general
probabilistic theories [2, 3] and operational quantum theory [5–7], we generalize the traditional
definition of states so that they reflect indefinite causal structure. TABLE I summarizes the new
structures of the theory.
II. QFT WITH INDEFINITE CAUSAL STRUCTURE
Ordinary QFT assumes that there is a global time foliation of spacetime with a global time
evolution (usually taken to be unitary). This foliation implies a global definite causal order, so
1 This idea was successfully pursued in [4] for spacetime with definite causal structure.
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TABLE I: Comparison of the old and new theories
Ordinary QFT QFT with indefinite causal structure
Hilbert space Global space H Tensor product space ⊗iHi
Field operator φ(x) in Heisenberg or interaction picture φS(~x) in Schro¨dinger picture
Spacetime Spacetime manifold with coordinate x Causal relation inferred from correlations
State ω : A → C;φ(x) 7→ 〈φ(x)〉ω w : A×A → C; (φS(~x), ψS(~x)) 7→ 〈φ(x)〉ω 〈ψ∗(x)〉ω
cannot be retained in a theory with indefinite causal structure. With the global foliation and
evolution discarded, the new theory calls for the following changes.
• Assign local Hilbert spaces to each place where field operators apply.
• Use field operators in the Schro¨dinger picture.
• Update x or ~x from a coordinate on a spacetime manifold to a label of local Hilbert spaces.
• Define states as linear functionals that map to “squares” of the correlation functions.
Tensor product spaces. In ordinary QFT, a global time foliation makes it possible to work
with a single global Hilbert space. In the new theory without a global time foliation, each place
where field operators apply gets assigned a local Hilbert spaces. The tensor product of the local
spaces forms the global space. Note that the causal relations among the regions can be anything, in
contrast to traditional conceptions of quantum theory for which only spacelike separated systems
form tensor products. This means that, for example, even the same system at two different times
gets assigned two distinct Hilbert spaces. The reason for this move is to incorporate indefinite
causal structure. We allow tensor product formation for arbitrary local systems because their
causal relation may be a “quantum superpotition” of causal and acausal.
Schro¨dinger picture field operators. The global time foliation and evolution of ordinary
QFT also show up in the definition of the field operators with time dependence. In the usually
adopted Heisenberg or interaction picture a field operator φ(x) has a global time evolution built
into it. For example, the Heisenberg picture operator φH(t, ~x) relates to the Schro¨dinger picture
operator φS(~x) through φH(t, ~x) = U
∗(t)φS(~x)U(t), where U(t) is a unitary time evolution from
the reference time of φS(~x) to the time t and star denotes adjoint.
The new theory adopts the Schro¨dinger picture field operators φS(~x), because due to indefinite
causal structure a global time evolution does not exist (it would imply a fixed causal order for
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the global system at different times). The information propagation properties of the systems will
instead be encoded in the generalized state.
x or ~x as labels for local spaces. Events in a classical spacetime manifold have a definite
causal structure so cannot be retained. In the new theory the spacetime causal structure is to be
inferred from the field correlations, and the argument x or ~x of the field φ becomes a label of the
local spaces where φ applies.
States for the “square” of the correlation functions. In ordinary QFT, a state is a
linear functional from the algebra of field operators A to the value of the correlation function. If
φ(x) ∈ A and φ(y) ∈ A are two Heisenberg picture field operators, a state ω maps φ(x)φ(y) ∈ A to
the two-point function 〈φ(x)φ(y)〉ω. Similarly φ(y)φ(x) ∈ A gets mapped to 〈φ(y)φ(x)〉ω. A non-
zero commutator 〈[φ(x), φ(y)]〉ω := 〈φ(x)φ(y)〉ω − 〈φ(y)φ(x)〉ω indicates that x and y are causally
related.
In the new theory with tensor product spaces and Schro¨dinger picture field operators, the
corresponding operators are φS(~x)⊗ 1 (x¯) and φS(~y)⊗ 1 (y¯), where 1 (x¯) and 1 (y¯) are the identity
operators on the Hilbert spaces complement to x’s and y’s. These operators belong to the algebraA′
of operators on the global tensor product space. Since φS(~x) and φS(~y) act on different subsystems,
[φS(~x)⊗1 (x¯), φS(~y)⊗1 (y¯)] = 0. A state ω defined as a linear functional from A′ to the correlation
function 〈[φ(x), φ(y)]〉ω would always vanish. This would incur an issue for recovering ordinary
QFT as a special case in the new theory.
The resolution is to let the state map to the “square” of the correlation functions. Suppose w
is a generalized state in the new theory that corresponds to the state ω in the old theory. Consider
w : A → R; φS(~x) 7→ |〈φ(x)〉ω|2,
where starting here for simplicity we omit identity operators and write φS(~x) for φS(~x) ⊗ 1 (x¯).
Since for the squared correlation the “commutator” should always vanish, i.e., |〈φ(x)φ(y)〉ω|2 −
|〈φ(y)φ(x)〉ω|2 = 0, the conflict is resolved.
To obtain ordinary QFT as a special case, one needs to recover 〈φ(x)〉ω. For this propose extend
w to (bar denoting complex conjugate and star denoting adjoint)
w : A×A → C; (φS(~x), ψS(~x)) 7→ 〈φ(x)〉ω 〈ψ∗(x)〉ω.
This is an extension because by setting ψS(~x) = φ
∗
S(~x) one recovers |〈φ(x)〉ω|2. Now by setting
ψS(~x
′) = 1 one recovers 〈φ(x)〉ω. Here ~x and x can label product systems that contain multiple
subsystems. The two-point functions are recovered as 〈φ(x)φ(y)〉ω = w(φS(~x) ⊗ φS(~y), 1 ) and
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y˙ y2
y1x˙
χS(~x) χS(~y)
Ω(tx)
Ω(ty)
U
+
x1
x2
x˙ y1
y2y˙
ψ∗S(~x) ψ
∗
S(~y)
Ω(ty)
Ω(tx)
+
U
FIG. 1: Illustration for recovering two-point function
〈φ(y)φ(x)〉ω = 〈φ(x)φ(y)〉ω = w(1 , φ∗S(~x)⊗φ∗S(~y)), from which the commutator and anticommuta-
tor can be obtained. An example of a generalized state w is presented below for illustration.
Representation of the generalized state as a vector. In ordinary QFT the two-
point function in the Schro¨dinger picture reads 〈Ω(tx)|φS(~x)U(tx − ty)φS(~y) |Ω(ty)〉 for the
state ω corresponding to |Ω〉. The corresponding state w has a vector2 representation |W 〉 =
|+〉x1x˙ |Ω(ty)〉y1 |Ω(tx)〉x2 |U〉y˙y2 , where |+〉x1x˙ =
∑
i |ii〉x1x˙ with {|i〉} a set of orthonormal basis is
an unnormalized vector, and |U〉y˙y2 = U(tx−ty) |+〉y˙y2 with U(tx−ty) acting on y˙.3 The two-point
function can be recovered as follows (FIG. 1). Start with
〈W |χS(~x)χS(~y)ψ∗S(~x)ψ∗S(~y) |W 〉 = 〈W |χS(~x)x2x1 ⊗ χS(~y)y2y1 ⊗ 1 y˙x˙ ⊗ ψ∗S(~x)x1x2 ⊗ ψ∗S(~y)y1y2 ⊗ 1 x˙y˙ |W 〉 ,
where subscripts (superscripts) label the domain (image) spaces. By the definition of |W 〉, setting
χ = φ and ψ = 1 yields 〈Ω(tx)|φS(~x)U(tx − ty)φS(~y) |Ω(ty)〉 = 〈φ(x)φ(y)〉ω, while setting χ = 1
and ψ = φ yields 〈Ω(ty)|φ∗S(~y)U∗(tx − ty)φ∗S(~x) |Ω(tx)〉 = 〈φ(y)φ(x)〉ω.
Indefinite causal structure. Now we give an example of a state that incorporates indefinite
causal structure. Suppose |W 〉 above describes the situation that y causally precedes x, and denote
|W 〉 as |Wy→x〉. Recall that the new theory has no underlying classical spacetime, so the causal
relation is inferred from the vector |Wy→x〉 itself (e.g., from |U〉 defined with respect to U(tx − ty)
that actually propagates causal influences from φS(~x) to φS(~y)). Without the burden of a fixed
causal relation between x and y, we can define |Wx→y〉 = |Ω(tx)〉x1 |+〉y˙y1 |V 〉x2x˙ |Ω(ty)〉y2 , which
propagates causal influences in the opposite direction through another unitary V . Then the new
2 |W 〉 is actually not a vector in the Hilbert space because it is unnormalized. Rigorously one can use the GNS
construction for w to find the proper vector representation, but we don’t delve into this topic here.
3 This setup is reminiscent of the multiple time formalism [8]. The difference is that here the generalized state maps
to the correlation function and no post-selection is invoked.
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state
|W 〉 = 1√
2
|Wx→y〉+ 1√
2
|Wy→x〉 (1)
encodes a “superposition” of y causally preceding x and x causally preceding y.
III. NEW PHYSICS?
What new features can be expected from the new theory? There have been some interesting
suggestions from analyzing finite dimensional models. Firstly, we expect that the quantum gravita-
tional fluctuations of the spacetime causal structure regularize the UV divergence of the correlation
functions [9, 10]. Technically this is a consequence of the strong subadditivity of the von Neumann
entropy. The intuition behind this regularization mechanism is that causal fluctuations spread
out the correlation between x and y to “correlation channels” with different causal relations and
thereby reduce the strength of the correlation.
Secondly, we expect that information can leak out of black holes in quantum spacetime without
violating causality (without superluminal signalling) [9, 11]. The communication capacity induced
by causal fluctuations can be calculated and even the tiniest causal fluctuation generically induce
a positive capacity. The definitions of black holes in theories of classical spacetime as containing
strict causal barriers is then best viewed as an approximation. There is no superluminal signalling
because light can still reach wherever other forms of matter reach.
Both the divergence of the correlation function (through the Hadamard condition)4 and the
existence of a causal barrier can affect black hole thermodynamics and its information loss problem.5
Therefore the new theory of QFT with indefinite causal structure has the potential of establishing
results that are unexpected or only speculated by ordinary QFT in classical spacetime.
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